The plasma membrane of mammalian cells undergoes constitutive endocytosis, endocytic sorting, and recycling, which delivers nutrients to the lysosomes. The receptors, along with membrane lipids, are normally returned to the plasma membrane to sustain this action. It is not known, however, whether this process is influenced by metabolic conditions. Here we report that endocytic recycling requires active mechanistic target of rapamycin (aka mammalian target of rapamycin) (mTORC1), a master metabolic sensor. Upon mTORC1 inactivation, either by starvation or by inhibitor, recycling receptors and plasma membrane lipids, such as transferrin receptors and sphingomyelin, are delivered to the lysosomes. This lysosomal targeting is independent of canonical autophagy: both WT and Atg5 ؊/؊ mouse embryonic fibroblasts responded similarly. Furthermore, we identify hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs), an endosomal sorting complexes required for transport (ESCORT-0) component, as a downstream target of mTORC1. Hrs requires mTORC1 activity to maintain its protein expression level. Silencing Hrs without decreasing mTORC1 activity is sufficient to target transferrin and sphingomyelin to the lysosomes. It is thus evident that the canonical recycling pathway is under the regulation of mTORC1 and likely most predominant in proliferating cells where mTORC1 is highly active.
It is well established that endocytic recycling is important to sustain nutrient uptake and regulate cell surface protein expression (1) . For example, transferrin (Tf) 2 receptors bind to iron-loaded Tf in the medium and are endocytosed together with bound Tf. After endocytosis, Tf releases iron because of the acidic pH of the endosomal lumen before returning to the plasma membrane. Recycling receptors are usually sorted with high fidelity so that their half-life is far longer (ϳ20 h) than a single cycle of endocytosis. They efficiently recycle back to the plasma membrane and, therefore, are normally undetectable in the lysosomes (2) . Bulk plasma membrane lipids, which form the limiting membranes of early endosomes after initial internalization, are also efficiently recycled with similar kinetics as recycling receptors (3) . This gives rise to the concept that recycling of the membrane is a default pathway for early endocytic membrane components, including receptors, in most mammalian cells. In contrast, the contents of the early endosomal lumen appear to progress to the lysosome by default. Specific signals are thought to be necessary to deliver membrane proteins or lipids to the lysosomes.
One of the best characterized signals for lysosomal targeting is ubiquitination. Ubiquitinated cargoes interact with the endosomal sorting complexes required for transport (ESCRT) machinery, resulting in their removal from the limiting membrane of the endosomes and incorporation into vesicles budded into the endosomal lumen. These proteins are thereby sorted apart from recycling components and are targeted to the lysosomes instead (4) . EGF receptor is a well studied example (5) . Many G protein-coupled receptors similarly interact with ESCRTs and are consequently targeted to the lysosomes (6) .
In recent years, it has become increasingly apparent that the metabolic state of the cell has a significant impact on cellular processes of mammalian cells. One example is autophagy. Upon nutrient starvation, cells turn on a normally dormant mechanism to digest non-essential components of the cell. This process provides much needed nutrients and also limits nonessential cellular processes, particularly those involved in cell proliferation (7) . One of the major molecular switches is mechanistic target of rapamycin complex 1 (mTORC1). mTORC1 is known to integrate at least four metabolic inputs to regulate cell growth, such as nutrient availability, growth factor signaling, cellular energy status, and cellular stress levels (8, 9) . Through phosphorylation of p70-S6 kinase, for instance, mTORC1 promotes mRNA maturation and protein translation (10) . mTORC1 also phosphorylates unc-51 like kinase (ULK1) to suppress autophagy (11) . In proliferating cells, particularly in cultured cells, mTORC1 activity is generally high. Only when acutely exposed to specific medium that lacks either amino acids, glucose, or both do cultured cells suppress mTORC1 activity and turn on autophagy (12) .
The endocytic recycling pathway is one of the major mechanisms by which cells take up nutrients from the extracellular space. It is plausible that this pathway is integrated with other pathways responsive to the nutritional needs or metabolic status of the cell. However, previous studies have not addressed whether endocytic recycling is subject to regulation by mTORC1 in mammalian cells. Here we report that the recycling of both recycling receptors and membrane lipids is dramatically responsive to mTORC1 activity. Active recycling requires mTORC1 activity. This action of mTORC1 is through hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs), an ESCRT-0 component.
Results

Starvation suppresses recycling and targets receptors to the lysosomes independent of canonical autophagy
We first exposed mouse embryonic fibroblasts (MEFs) to full growth medium (fed) or amino acid-free medium (starved) for 4 h and characterized Tf uptake, targeting, and recycling. MEF cells were then incubated with Alexa 488-Tf and LysoTracker Red for 30 min at 37°C. In growth medium, Tf brightly labeled puncta throughout the cell (Fig. 1A, a) , presumably the early, sorting, and recycling endosomes, respectively (13) . There was little Tf in the late endosomes/lysosome compartments, marked by LysoTracker Red (Fig. 1A, b and c) . However, in starved cells, large numbers of Tf were detected in LysoTracker-positive compartments (Fig. 1A, d-f ), demonstrating lysosomal targeting. Indeed, quantification shows that the colocalization between Tf and LysoTracker was greatly increased upon starvation (Fig. 1B) . Remarkably, nearly all LysoTracker-positive compartments contained Tf. In cells maintained in normal medium, little Tf was detected in the lysosomes. This trend remained throughout all experiments below.
The delivery of Tf to the lysosomes could be due to enhanced fluid phase uptake during starvation. We indeed observed more BSA uptake upon starvation compared with fed conditions (supplemental Fig. 1 ). However, Alexa 488-Tf uptake could be successfully competed off by excess unlabeled Tf in both fed and starved cells (supplemental Fig. 2 ), indicating that receptor-mediated endocytosis is fully responsible for Tf lysosomal uptake even under starvation conditions. In addition to the rerouting of Tf in starved cells, we also detected a substantial amount of Tf receptors in the lysosomes, labeled by either LysoTracker or Lamp-1 (a lysosomal membrane protein) (supplemental Fig. 3, A and B) . We further verified that the LysoTracker was reliably marking lysosomes in starved cells, as overnight-loaded AF488-BSA was completely colocalized with the LysoTracker added to the starved cells during the last 30 min of 4-h starvation (supplemental Fig. 4A ). The LysoTracker also colocalized with fluorescein dextran, another commonly used lysosome marker, in starved cells (supplemental Fig. 4B ).
Consistent with lysosomal targeting of recycling receptors, we found decreased protein levels of Tf and LDL receptors, another long-lived recycling receptor, in starved cells (Fig. 1C) . We also observed that bafilomycin, which neutralizes lysosomal pH, prevented the degradation of recycling receptors (supplemental Fig. 5 ). The time course of Tf uptake is shown in Fig. 1D . Tf uptake was significantly increased in starved cells at all time points measured in comparison with cells kept in full growth medium. This increase in Tf uptake seemed to reach a plateau after 20 -30 min, possibly because of the decrease in Tf receptors on the cell surface of the cells and Tf degradation.
To further confirm Tf lysosomal targeting, cells were incubated with Tf for 30 min, followed by a 45-min chase in the presence of deferoxamine (see Fig. 2A for a schematic) . Deferoxamine prevents recycled Tf from re-entering the cells by chelating iron. Indeed, cells in full growth medium completely cleared out Tf after the chase ( Fig. 2A, a-c) , confirming efficient Tf recycling. In starved cells, however, a large amount of Tf was retained in the lysosomes after the chase ( Fig. 2A, d-f ; quantification in Fig. 2B ). The identical pattern could also be seen when lysosomes were labeled by dextran (supplemental Fig. 4C ). In addition, this starvation-induced Tf lysosomal targeting is not limited to MEF cells; we observed the same phenomenon in other cultured cell types, such as HEK cells (supplemental Fig. 6 ). Also, MEF cells from several different origins showed a similar response to starvation. Taken together, these results demonstrate that starvation conditions significantly altered the endocytosis pathway and delivered normally recycling receptors to lysosomes for degradation.
One of the best documented events during nutrient starvation is autophagy. To determine whether autophagy plays a role in lysosomal targeting of recycling receptors, we performed identical experiments in Atg5 Ϫ/Ϫ MEFs. These cells fail to form classical autophagosomes or fuse with lysosomes during starvation because of the lack of Atg5 (14) . However, we found that Atg5 Ϫ/Ϫ MEFs responded to starvation identically as WT MEFs in terms of Tf endocytotic trafficking (Fig. 3A) , lysosomal targeting ( Fig. 3B) , and recycling receptor degradation (Fig.  3C ). It is thus apparent that starvation-induced lysosomal delivery of recycling receptors is largely independent of Atg5-related autophagy.
Starvation also delivered normally recycling bulk lipids to the lysosomes
It is known that plasma membrane lipids, such as sphingomyelin (SM), constitutively undergo bulk flow recycling, which is believed to be the major mechanism for receptor recycling (3) . Therefore, we next tested whether membrane flow is also altered during starvation by analyzing SM endocytosis in fed and starved MEFs using NBD-C6-SM (15) . In control cells, NBD-C6-SM rapidly populated endosomal structures (5 min) but did not enter the lysosomes (Fig. 4A, a-c) , and, even after 30 min, there was little colocalization between NBD-C6-SM and LysoTracker (Fig. 4B, a-c) . However, when cells were exposed to starvation medium, NBD-C6-SM rapidly appeared in LysoTracker-positive compartments (5 min) (Fig. 4A, d-f ) and conmTORC1 activity is required for the recycling pathway tinued to accumulate there for at least 30 min (Fig. 4B, d-f) . Indeed, the amount of NBD-C6-SM in LysoTracker-positive compartments steadily increased with time in starved cells, whereas little NBD-C6-SM appeared in the lysosomes of fed cells (Fig. 4C) . Thus, membrane bulk flow was also altered by starvation and diverted to the lysosomes. Given that both Tf and NBD-C6-SM appeared in lysosomes similarly, it is highly probable that endosomes, which contained bulk lipids and recycling receptors from the plasma membrane, were directly delivered to lysosomes upon nutrient deprivation. 
mTORC1 is necessary for Tf recycling and for maintaining expression levels of the ESCRT-0 component Hrs
To understand how starvation alters the recycling pathway, we first asked whether a master metabolic regulator, transcription factor EB (TFEB), was involved. TFEB is known to be phosphorylated upon starvation and, consequently, translocates to the nucleus to turn on a large set of genes, including those involved in autophagy and lysosomal biogenesis (16) . We indeed observed TFEB nuclear translocation in starved cells (supplemental Fig. 7A ). However, subsequent experiments with the protein synthesis inhibitor cycloheximide showed that Tf was still targeted to the lysosomes upon starvation even though new protein synthesis was prevented (supplemental Fig. 7B ). This suggested that synthesis of autophagic/lysosomal proteins was not necessary for altered lysosomal targeting during starvation.
Another major consequence of starvation is mTORC1 inactivation. The phosphorylation of ribosomal protein S6, an mTORC1 substrate, was diminished in starved WT and Ag5 Ϫ/Ϫ MEF cells (Figs. 1C and 3C) and so was phosphorylation of p70-S6 kinase (supplemental Fig. 8 ). To delineate whether the absence of mTORC1 activity was responsible for lysosomal targeting of Tf, cells were maintained in normal growth medium but with a specific mTORC1 inhibitor, rapamycin (17) . When subjected to the inhibitor, cells kept in normal growth medium efficiently delivered Tf to the lysosomes (Fig. 5, A and quantification in B) , similar to starved cells. Furthermore, rapamycin also targeted SM to the lysosomes in cells maintained in normal growth medium (Fig. 6, A and B) . Thus it is mTORC1 activity that is required for maintaining the recycling pathway. Interestingly, mTORC1 activities are generally high in rapidly proliferating cells (18) , including tissue culture mTORC1 activity is required for the recycling pathway cells, but low in many mature animal tissues (see supplemental Fig. 9 for examples) .
While searching for mTORC1 downstream targets that directly regulate recycling, we noted a previous study showing that turning off TOR, the yeast homologue of mTORC1 and mTORC2, facilitates delivery of a set of proteins from the Golgi apparatus to the vacuole (the lysosome equivalent) via downregulation of the expression of Vsp27, an ESCORT-0 component in yeast (19) . Interestingly, another study reported that silencing Hrs, the mammalian homologue of yeast Vsp27, delivered large amounts of cholesterol, a major lipid of the plasma membrane in mammalian cells, to the lysosomes (20) . This is reminiscent of SM accumulation in the lysosomes described above. We therefore examined Hrs expression in response to starvation. Indeed, starvation significantly decreased Hrs protein levels in WT and Atg5 Ϫ/Ϫ MEF cells (Fig. 7, A and B) , likely through proteasome-mediated degradation (supplemental Fig.  10 ), similar to that in yeast (19) . Also, consistent with a central role for mTORC1 in Tf lysosomal targeting described above, the mTORC1 inhibitor rapamycin led to decreased Hrs protein levels in fed cells (Fig. 7C) . Thus, mTORC1 is likely upstream of Hrs and responsible for maintaining the Hrs protein expression level in mammalian cells.
Silencing Hrs is sufficient to deliver Tf to the lysosomes
To examine the impact of Hrs on the recycling pathway, we next silenced Hrs in MEF cells using siRNA, which decreased Hrs protein levels by approximately 80% (Fig. 8, A and B) . Silencing Hrs significantly decreased the protein levels of both Tf and LDL receptors compared with scrambled siRNA (Fig.  8A) . This was similar to cells exposed to starvation medium (Fig. 1C) . Noticeably, mTORC1 activity, marked by phosphorylation of the ribosomal protein S6K, remained largely unchanged in Hrs knockdown cells (Fig. 8B) . Nevertheless, in Hrs-silenced cells (cyan fluorescent protein (CFP) as transfection marker), Tf was targeted to the lysosomes in MEFs (Fig. 8C , e-h), similar to starved cells or fed cells treated with mTORC1 inhibitor, even though cells were kept in normal growth medium with active mTORC1. In contrast, scrambled siRNA had little effect on the recycling pathway, and Tf remained in Ϫ/Ϫ MEFs were treated with either full growth or starvation medium as in Fig. 1A . B, Tf and LysoTracker colocalization was quantified, and Tf-R and LDL-R levels were examined by Western blotting analysis (C). Data are presented as means Ϯ S.E. ****, p Ͻ 0.0001. Scale bar ϭ 10 m.
the endosomes (Fig. 8, C, a-d, and quantification in D) . Again, nearly all of the lysosomes contained Tf in Hrs-silenced cells. Thus, decrease of Hrs alone is sufficient for lysosomal targeting of Tf, even with normal levels of mTORC1 activities. Furthermore, Hrs silencing targeted SM to lysosomes as well (supplemental Fig. 11 ). Based on these results, we conclude that mTORC1 is necessary for the normal recycling process and that Hrs functions downstream of mTORC1 to maintain recycling.
Discussion
Hrs is known as a part of the ESCRT pathway, where it initiates the sorting of ubiquitinated membrane proteins from the endosomes to the lysosomes (21). However, under starvation conditions or upon treatment with mTORC1 inhibitors, Hrs expression levels were diminished, and, at the same time, both Tf and bulk membrane lipid SM were targeted to the lysosomes. Ubiquitination is thus not likely involved in the targeting. Also, because TFEB and protein translation were not required, altered targeting could not be explained by increased lysosome biogenesis, i.e. recruiting of newly synthesized lysosomal proteins to the sorting endosomes. Rather, it is more likely that endosomes merged with existing lysosomes in the absence of Hrs through yet to be identified mechanisms. Another consistent observation throughout this study is that all lysosomal compartments seemed to be equally receptive to Tf or SM upon starvation, mTORC1 inhibition, or Hrs knockdown. Of interest, only silencing Hrs, but not Tsg101 (ESCRT-I), ESP20 (ESCRT-II), or CHMP6 (ESCRT-III), resulted in cholesterol accumulation in the lysosomes in the abovementioned report (20) .
In yeast, starvation is known to trigger delivery and degradation of the plasma membrane proteins to supply amino acid (22, 23) . The same mechanism may also be operating in mammalian cells. We showed here that, in mammalian cells, overall endocytosis may be up-regulated (increased BSA uptake), and protein receptors that normally recycle are targeted to the lysosomes by starvation. It remains to be seen whether this lysosomal targeting also applies to other plasma membrane proteins that normally do not recycle. In addition, although recycling receptors and SM are targeted to the lysosomes through diminished Hrs, we do not at present understand the precise mechanism, nor do we know the exact location where such altered trafficking occurs. At least for Tf, we did observe rather rapid delivery from the early endosomes to the lysosome (data not shown), suggesting that the change may happen rather early in the pathway. However, detailed studies are required to understand the whole process.
In summary, we provide evidence that the endocytic recycling pathway is under metabolic regulation through mTORC1 and Hrs. It is surprising and novel that diminished mTORC1 activity targets recycling receptors and bulk membrane lipids, mTORC1 activity is required for the recycling pathway APRIL 7, 2017 • VOLUME 292 • NUMBER 14 which are normally constitutively recycled, to the lysosomes. Our findings are nevertheless consistent with the role of mTORC1 as a master metabolic sensor capable of directing cellular processes according to nutrient conditions. However, this regulation of the recycling pathway is distinct from classical autophagy. As mTORC1 activities are also controlled by growth factor signaling, cellular energy, and stress levels, the alteration of the recycling pathway reported here likely has much wider significance not limited to nutrient conditions. Indeed, the level of mTORC1 activity varies greatly among cell types in vivo, particularly activities involved in tissue homeostasis such as self-renewal and differentiation of stem cell (24) . The results reported here, therefore, represent a major development in our understanding of the recycling pathway. It suggests that this pathway, regarded previously as default and constitutive, is intimately integrated into the metabolic regulation of cells. Thus, a paradigm shift is needed to inform future work on alterations to the endocytic recycling pathway under various tissue growth and differentiation conditions. mTORC1 activity is required for the recycling pathway APRIL 7, 2017 • VOLUME 292 • NUMBER 14
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Cell culture
WT and Atg5
Ϫ/Ϫ MEFs were generously provided by Dr. Mizushima (University of Tokyo, Tokyo, Japan). Atg5
Ϫ/Ϫ
MEFs were verified by the absence of Atg5 protein expression. For WT MEFs, we used cells from several sources interchangeably; for example, from Drs. Mizushima, Kun-Liang Guan (University of California San Diego (UCSD)), and Michael McBurney (University of Ottawa). We did not notice any difference. All cell lines were maintained in high-glucose (25 mM) DMEM (31600-034) supplemented with 10% FBS and 1% penicillin/ streptomycin at 37°C and 5% CO 2 . Starvation conditions were induced by incubating cells in amino acid-free RPMI medium (R9010-01) supplemented with 25 mM glucose and 1% penicillin/streptomycin.
Fluorophore labeling of Tf
Holo-transferrin (Sigma, T0665) was labeled with AF488 or AF568 protein labeling kits according to the protocol of the manufacturer (Life Technologies, A-10235 or A-10238).
Tf endocytosis and recycling
Cells were grown in glass-bottom dishes with normal growth medium for 48 h to 60 -80% confluence. Cells were then incubated in either normal growth medium with FBS (fed) or amino acid-free medium (starved) for 4 h, followed by incubation with 20 g/ml Alexa 488 Tf and 50 nM LysoTracker Red for 30 min at 37°C. For the time course, cells were incubated with Tf and LysoTracker for 5, 10, 15, 20, 30, or 60 min. Cells were then rinsed with PBS, fixed with 4% PFA for 10 min, and counterstained with DAPI before being viewed using a Zeiss LSM 510 Meta confocal fluorescence microscope with a ϫ63 objective and a ϫ60 objective on an inverted Nikon fluorescence microscope (TE2000-E) equipped with a Cascade 512B charge-coupled device (CCD) camera (Roper Scientific). For treatment with mTOR inhibitor, cells were incubated with 250 nM rapamycin for 4 h and then incubated with 20 g/ml Alexa 488 Tf and 50 nM LysoTracker Red for 30 min at 37°C, rinsed with PBS, fixed, and viewed under a microscope (see above).
NBD-C6-SM endocytosis
NBD-C6-SM was complexed by diluting SM in 100 M fatty acid-free BSA in medium 1 (150 mM NaCl, 20 mM HEPES (pH 7.4), 5 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , and 10 mg/ml glucose) to a final concentration of 20 M. The solution was vortexed and sonicated for 10 min.
For the endocytosis assay, cells grown on glass-bottom dishes were incubated with either normal growth medium or starvation medium for 4 h. Cells were then incubated with the SM complex (10 M) and LysoTracker Red for 30 min on ice. The cells were then washed with medium 1 before the medium was exchanged for normal growth or starvation medium for chase at 37°C (5, 10, 20, and 30 min). Cells were then washed and exchanged back with 5% BSA to remove NBD-C6-SM from the plasma membrane. Cells were fixed with 4% PFA for 10 min before imaging with a ϫ60/1.4 numerical aperture (NA) objective on an inverted Nikon fluorescence microscope (TE2000-E) equipped with a Cascade 512B CCD camera (Roper Scientific).
For treatment with mTOR inhibitor, cells were incubated with 250 nM rapamycin for 4 h, incubated with the SM complex (10 M, complexed with 5 mM 2-hydroxypropyl-␣-cyclodextrin) and 50 nM LysoTracker Red for 30 min on ice, washed in medium 1, and incubated in growth medium containing the inhibitors at 37°C for 30 min. After a back-exchange with BSA, cells were fixed and viewed under a microscope (see above). For the quantification of uptake of SM into LysoTracker-positive compartments, LysoTracker images were used to create masks and NBD-SM fluorescence intensities in the LysoTracker-positive compartments were quantified using MetaMorph software.
Immunocytochemical staining
Cells were grown for 48 h to 60 -80% confluence on glassbottom dishes, incubated with either normal growth medium or starvation medium for 4 h, and subsequently stained with 100 nM LysoTracker Red DND-99 for 30 min. Cells were rinsed with PBS, fixed for 10 min with 4% PFA, and incubated in buffer CT (5% (v/v) ChemiBLOCKER and 0.5% (v/v) Triton X-100 in PBS) for 20 min. The primary antibody (anti-Tf receptor/CD71 antibody (H68.4), Thermo Fisher Scientific, 13-6800); antiLamp1, Abcam, ab24170) was diluted in buffer CT and incubated for 1 h, followed by incubation of the secondary antibody (Thermo Fisher Scientific, goat anti-mouse IgG (HϩL) Alexa 488 conjugate, A-11029 and donkey anti-rabbit IgG (HϩL) secondary antibody, Alexa 594 conjugate, A-21207) in buffer C (5% (v/v) ChemiBLOCKER in PBS) for 30 min in darkness. The cells were then rinsed with PBS, stained with DAPI, and viewed on a Zeiss LSM 510 Meta confocal fluorescence microscope with a ϫ63 objective.
Image processing, analysis, and statistics
For the quantification, all fluorescence images were background-subtracted. Fluorescence intensities were then calculated, divided by the cell numbers in the image, and presented as fluorescence intensity (FI) per cell using MetaMorph software. For Pearson coefficients, confocal fluorescent images were analyzed with JACop, a plugin in ImageJ. Each data point represents the analysis of 20 -50 cells. Statistical differences were analyzed by unpaired t test using GraphPad Prism 5.0. p Ͻ 0.05 was deemed significant.
siRNA knockdown
Cells were grown for 24 h to 40 -60% confluence before transfection. For each transfection, 60 pmol of siRNA and 6 l of transfection reagent were used. The transfection was performed according to the instructions of the manufacturer.
Western blotting analysis
For Western blotting analysis, cells were washed in ice-cold PBS, lysed in radioimmune precipitation assay buffer (150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, and 25 mM Tris (pH 7.6)) and centrifuged at 12,000 ϫ g for 15 min. Mouse tissue was obtained from mature C57BL/6 mice, homogenized in radioimmune precipitation assay buffer, and centrifuged at 12,000 ϫ g for 15 min. Protein concentration was determined via protein assay dye reagent (Bio-Rad, 5000006). SDS buffer mTORC1 activity is required for the recycling pathway
